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Introduction
Glaciers and ice sheets currently sequester c. 70% of Earth's freshwater (Shiklomanov, 1993) . However, their roles as microbial habitats and their consequent de facto status as the largest freshwater ecosystems (Hodson et al., 2008) on a planet subjected to repeated glaciations (Petit et al., 1999) are less recognized.
Cryoconite is a dark microorganism-mineral aggregate that forms through interactions between microorganisms and dust deposited on glacial ice, leading to localized reduction in ice surface albedo and accelerated melting of ice in contact with cryoconite (Wharton et al., 1985; Takeuchi et al., 2001a,b; Langford et al., 2010) . The ensuing cylindrical melt holes are typically < 1 m in diameter and depth, growing downwards until an equilibrium depth is reached where downward growth rate equates surface ablation rates (Gribbon, 1979) . Complex interactions between cryoconite, synoptic conditions and hydrology (Irvine-Fynn et al., 2011) influence surface melting rates and hence glacial mass balance (Kohshima et al., 1993; Fountain et al., 2004) .
Although the presence of organic matter in cryoconite has been known for over a century (Bayley, 1891) , recognition of its importance in both glacial and microbial dynamics is more recent (Takeuchi et al., 2001a,b; Takeuchi, 2002) , leading to interactions between glacier surfaces and microbial processes (Stibal et al., 2012a) . Cryoconite harbours diverse viral, archaeal, bacterial, microeukaryote and meiofaunal life (Desmet & Vanrompus, 1994; S€ awstr€ om et al., 2002; Edwards et al., 2011; Cameron et al., 2012a,b; Edwards et al., 2013a) . Remarkable rates of primary production and respiration, sometimes approaching those of temperate soils, have been associated with cryoconite ecosystems (Hodson et al., 2007; Anesio et al., 2009; Telling et al., 2012a) . Furthermore, cryoconite microorganisms interact with mineral debris to stabilize cryoconite granules Langford et al., 2010) and thus contribute to the formation of cryoconite stable over several seasons of growth (Takeuchi et al., 2010; Irvine-Fynn et al., 2011) .
Hitherto, molecular exploration of cryoconite microbial diversity has largely focused on the cryoconite of polar glaciers (Christner et al., 2003; Foreman et al., 2007; Edwards et al., 2011 Edwards et al., , 2013a Cameron et al., 2012a,b; Zarsky et al., 2013) . The differences in cryoconite communities appear linked to the properties of the cryoconite debris (Telling et al., 2012a) , in relation to glacier-specific factors (Edwards et al., 2011 (Edwards et al., , 2013a , but overall, interactions between diversity, functionality and cryoconite properties on regional to global scales remain poorly understood.
Fewer studies have examined the properties of cryoconite on mountain glaciers than polar glaciers despite the importance of surface dusts such as cryoconite in mountain glacier mass balance (Oerlemans et al., 2009) , carbon cycling and its accumulation of radionuclide contaminants (Tieber et al., 2009) . Considering the concern for the fate of mountain glaciers and corresponding implications for water security in both mountain regions and arid regions fed by rivers containing glacial meltwaters (Barnett et al., 2005; Kaltenborn et al., 2010) , comparative study of mountain glacier and polar cryoconite ecosystems is merited.
Previously, Xu et al. (2009) reported in detail the organic composition of debris from a single cryoconite hole on a glacier in the Rocky Mountains, and Hamilton et al. (2013) compared a single cryoconite site to other habitats associated with a glacier in the Rocky Mountains in terms of total and active community composition. We contend there is a paucity of information on the properties of cryoconite organic matter and microbial community structure from mountain glaciers. In particular, studies of European alpine cryoconite diversity have hitherto been limited to culture-dependent studies (Margesin et al., 2002; Kim et al., 2012) . Recently, Edwards et al. (2013b) presented a 1.2 Gbp metagenome assembly from pooled cryoconite sampled on Rotmoosferner in the Austrian Alps. The assembly was dominated by the bacterial phyla Proteobacteria, Bacteroidetes and Actinobacteria followed by Cyanobacteria. Archaea and Eukarya were less abundant. Functional analyses highlighted the importance of stress responses and efficient carbon and nutrient recycling, consistent with subsistence on allochthonous organic matter.
Consequently, in this study, we sought to compare the bacterial communities of cryoconite ecosystems on alpine and Arctic glaciers and explore how they relate to cryoconite ecosystem functionality. To do so, we examined bacterial community structure with both T-RFLP analysis (Liu et al., 1997) and barcoded amplicon 454 -pyrosequencing of bacterial 16S rRNA genes (Sogin et al., 2006) and to relate these data to the biochemical properties of organic matter as assessed by metabolite fingerprinting using FT-IR spectroscopy.
Materials and methods

Study regions and sampling strategy
Debris (c. 5-10 g fresh weight) from randomly selected cryoconite holes in the ablation zones of alpine and Arctic glaciers were collected aseptically and transferred on ice to field stations for frozen storage prior to transfer to the Aberystwyth laboratory frozen in insulated containers for archival at À80°C awaiting laboratory analyses.
Logistical constraints relating to severely limited helicopter time meant individual, neighbouring cryoconite holes were pooled at each station of the 50 km Greenland transect to secure sufficient sample material. Edwards et al. (2011) demonstrated an absence of a distance-decay relationship of bacterial community similarity at small (intraglacier) scales for Arctic cryoconite; therefore, it is presumed the impact of pooling within station is minimized when comparing Greenland against the other sites.
The properties of samples and sites are listed in Table 1 . The population of cryoconite holes sampled from Svalbard glaciers has been profiled by bacterial 16S T-RFLP (Edwards et al., 2013a,b,c) . The Svalbard glaciers in question [Austre Brøggerbreen (AB), Midtre Lov enbreen (ML) and Vestre Brøggerbreen (VB)] are well described in terms of microbiology and glaciology (e.g. Edwards et al., 2011 Edwards et al., , 2013a Telling et al., 2012a) as are the activities of cryoconite ecosystems on the southwestern margin of the Greenland Ice Sheet (GR) as recently reported in detail (Stibal et al., 2010 Yallop et al., 2012) . In the Alps, the sites comprised three temperate valley glaciers in the Tyrolean Alps of Austria, namely Rotmoosferner (RF) and Gaisbergferner (GF), neighbouring glaciers in the € Otztal Alps, and Pfaffenferner (PF) in the Stubaier Alps. A metagenome derived from the same cryoconite holes on RF has recently been described (Edwards et al., 2013b) .
For cryoconite holes subjected to pyrosequencing, organic content was estimated by the % loss of ignition of sediment dried at 105°C for 48 h and then ashed using a muffle furnace at 400°C overnight in predried, preweighed crucibles.
DNA extraction
Cryoconite debris was thawed and aliquoted for DNA and freeze-dried for metabolite analyses. Community DNA was extracted from c. 250 mg cryoconite debris (wet weight) using a Powersoil DNA Kit according to the manufacturer's instructions (MoBio, Inc., Solana, CA) with DNA eluted into 100 lL buffer C6. DNA extraction and pre-PCR manipulations were conducted in laminar flow hoods using aseptic methods and aerosol-resistant tips. All plasticwares were certified DNA free.
T-RFLP
Bacterial 16S rRNA gene-derived community structure profiles were obtained by terminal restriction fragment length polymorphism (T-RFLP) exactly as previously described (Edwards et al., 2013c) . Each cryoconite hole was treated as an experimental replicate. In brief, triplicate PCR was conducted using a primer pair consisting of Cy5 fluorochrome tagged 27F (Cy5-5′-AGAGTTTGATC-CTGGCTCAG-3′) with the 1389R primer (5′-ACGGG-CGGTGTGTACAAG-3′) on 2 lL of each DNA extract for 30 cycles prior to Exo-SAP clean-up and subsequent Hae-III restriction digestion for 5 h. Preanalysis clean-up of terminal restriction fragments (T-RFs) was conducted using PCR clean-up columns (NBS Biologicals, Ltd, Cambridge, UK). T-RFs were separated using a Beckman CEQ-8000 genetic analyser in Frag4 mode. Fragment profiles were exported to MS EXCEL 2007 for reformatting prior to permutational analysis of variance (PERMANOVA) and canonical analysis of principal components (Anderson, 2001; Anderson & Willis, 2003) using PRIMER-6.1.12 & PERMANOVA+1.0.2 (Primer-E, Ltd, Ivybridge, UK). Summary indices were calculated using PRIMER-6.1.12 with the exception of corrected Gini coefficients, which were calculated manually as previously described (Edwards et al., 2011) . MINITAB 14.20 was used for univariate statistics.
Amplicon pyrosequencing
A subset of 16 DNA samples from Svalbard, Greenland and the Tyrolean Alps was subjected to 454 pyrosequencing of the V1-V3 region of the bacterial 16S rRNA gene using the 27F primer (with Roche B adaptor) and 357R (5′-CTGCTGCCTYCCGTA, 5′-tagged with the Roche A adaptor and MID barcode tags). A microlitre of DNA extract was used in 25 lL reactions containing 19 reaction buffer with 1.8 mM magnesium chloride, 200 lM dNTPs, 0.2 lM of each primer, 1.25 U FastStart High Fidelity Enzyme mix (Roche Biosystems, Burgess Hill, West Sussex, UK). Triplicate PCRs were conducted for 30 cycles of 30 s at 95°C, 30 s at 55°C and 2 min at 72°C prior to a final elongation of 7 min at 72°C.
Amplicons were cleaned with Agencourt AMPure XP beads (Beckman Coulter Genomics, High Wycombe, UK) and pooled in equimolar concentrations prior to pyrosequencing with titanium chemistry and protocols on the Aberystwyth Roche GS-FLX 454 sequencer (Roche Diagnostics Ltd, Burgess Hill, West Sussex, UK). Sequences were demultiplexed, quality-filtered and analysed using QIIME (Caporaso et al., 2010) . Operational taxonomic units (OTUs) were assigned using UCLUST at a threshold of 97% pairwise identity, and representative sequences from each OTU selected for taxonomy assignment. These sequences were aligned using PYNAST and classified using the Ribosomal Database Project classifier against the RDP 16S rDNA core set using a 0.80 confidence threshold. The identity of OTUs not aligning to bacterial taxa was confirmed as (algal) plastids by alignment to the GreenGenes database as described previously (Hell et al., 2013) and then excluded from analysis.
A matrix of each OTU's relative abundance in each sample (Table 1) was imported into PRIMER-6.1.12 & PER-MANOVA+ for PERMANOVA and CAP and MINITAB 14.20 for correlation and univariate statistics as above. The full amplicon data set is available at EBI-SRA (PRJEB5067-ERP004426).
Metabolite fingerprinting by Fourier Transform Infrared spectroscopy
Cryoconite debris was flash-frozen using liquid nitrogen prior to freeze-drying overnight at À60°C to stabilize material for FT-IR spectroscopy. One hundred milligram (dry weight; AE5 mg) subsamples of debris was disrupted by bead milling with steel ball bearings for 2 min at 30 Hz in a Retsch ball mill in sterile 2 mL microcentrifuge tubes, each containing 200 lL of a 1 : 2.5 : 1 admixture of chloroform, methanol and water; all reagents were HPLC-grade (Fisher Scientific, Loughborough UK). Metabolite extracts were clarified by centrifugation at 18 000 g at ambient temperature for 15 min.
FT-IR spectra of the mid infrared region (wavenumbers 4000-600 cm À1 ) were acquired in reflectance mode at a resolution of c. 2 cm À1 using a Vertex 70 spectrometer (Bruker Optik, GmBH, Germany) equipped with a mercury-cadmium-telluride detector cooled by liquid nitrogen. Five microlitres of each sample was aliquoted onto 96-well reusable silicon sample carrier plates (Bruker Optics Ltd, Banner Lane, Coventry, UK) and oven dried at 50°C for 30 min (Sanyo Gallenkamp plc., Loughborough, UK) to remove extraneous moisture. Prepared plates were inserted onto the motorized high-throughput stage (HTS) connected to the FT-IR spectrometer and immediately assayed. Spectra were derived from the average of 256 scans for each sample. The sample's absorbance spectrum was calculated from the ratio of I S /I R , where I S was the intensity of the IR beam after it has been absorbed by the sample, and I R was the intensity of the IR beam from the reference. The absorbance spectrum was therefore calculated as -log 10 (I S. /I R ). Multivariate analyses employed PYCHEM software (Jarvis et al., 2006) .
To examine the influence of bacterial community structure on FT-IR-derived metabolite fingerprints, the absorbance spectra, each consisting of all 1762 data points, were imported to MVSP 3.1 (Kovach Computer Services, Ltd, Sir Fôn, Wales, UK) along with the cognate T-RF relative abundance profiles for each sample. Canonical correspondence analysis (CCA; Braak, 1986) was conducted using the Hill algorithm with multiple iterations to exclude environmental variables (T-RFs) incurring high variance inflation factors. Separate CCA models were generated for each glacier to minimize the length of environmental gradients ordinated. Finally, the application of distance-based redundancy analysis (dbRDA; Legendre & Anderson, 1999) using PRIMER-6.1.12 & PERMANOVA+1.0.2 permitted the exploration of an Euclidian distance matrix of taxon abundances from pyrosequencing data as predictor variables against absorbance spectra.
Results
T-RFLP profiles
T-RFLP profiles of bacterial 16S rRNA genes were successfully generated from all 57 samples from cryoconite holes in the seven locations described in Table 1 . Terminal restriction fragments (T-RFs) were assumed to equate to phylotypes (sensu Prosser, 2012) . There were no significant differences in T-RF peak number, Shannon diversity index or corrected Gini coefficient (Table 1) for T-RFLP profiles from different glaciers by one-way ANOVA (data not shown), suggesting a similar extent of bacterial community 'richness' and functional organization as described by the Gini coefficient (Wittebolle et al., 2009; Edwards et al., 2011) across all locations, with the caveat that T-RFLP may not resolve all taxa present in a sample (Blackwood et al., 2007) .
However, multivariate analyses showed that bacterial community structure differed among locations. Permutational multivariate analysis of variance (Anderson, 2001 ; PERMANOVA) provides a robust means of analysing multivariate diversity data such as that generated by T-RFLP or pyrosequencing. PERMANOVA was applied to test for interglacier differences and interregional differences in fourth-root transforms of Bray-Curtis distances between the T-RF relative abundance profiles of samples as a proxy for bacterial community structure. There were highly significant differences between glaciers (pseudo-F = 8.98; P(perm) = 0.0001) and between regions (pseudo-F = 13.41; P(perm) = 0.0001). The results of pairwise PERMANOVA tests which illustrate interglacier differences are summarized in Table 2 . Strong support for differences between alpine and Arctic glaciers was obtained by pairwise tests (Svalbard vs. Austria = P = 0.0001; Greenland vs. Austria = P = 0.0002), while differences between Svalbard and Greenland glaciers are less striking (P = 0.0132). Because the parallel application of PERMANOVA and the related, constrained ordination method canonical analysis of principal components (CAP) is advocated (Anderson, 2001; Anderson & Willis, 2003) , CAP was performed following PERMANO-VA. Under models specified by glacier or region, strong support for differences between locations is provided by the CAP ordination and the model validations as summarized in Fig. 1 .
Amplicon pyrosequencing
A total of 74 597 GS-FLX reads (16 samples in total; two cryoconites per glacier and four for the single Greenland glacier) corresponding to 616 operational taxonomic units (OTUs) clustered at the 97% sequence identity level at an abundance of ≥ 5 reads in the data set survived processing using the QIIME pipeline (Caporaso et al., 2010) . For a full list of genera present in the samples, the reader is directed to Supporting Information, Table S1 . In a manner similar to T-RFLP profiles, no significant differences between OTU richness and Shannon diversity index were identified by glacier or correlated with organic matter as calculated by % loss of ignition (Table 1 ), but regional comparisons were made of the relative abundance profiles of OTUs using PERMANOVA and CAP. PERMANOVA returned highly significant interregional differences in bacterial community composition (pseudoF = 3.99; P(perm) = 0.0002) entirely due to differences between Arctic and alpine locations (pairwise PERMANOVA: Svalbard vs. Greenland, P = 0.184; Svalbard vs. Tyrol, P = 0.0016; Greenland vs. Tyrol, P = 0.0055). Similarly, CAP highlights regional differences (Fig. 2) as it assigns 94.7% of samples to the correct regional group.
Analysis of the OTUs aligned and assigned to the RDP core set to the level of phyla or proteobacterial class at a confidence of 0.80 or more retained a consistent effect of region (Table 3) , with significant or highly significant differences between Svalbard and Tyrol in terms of OTU composition for all phyla (plus proteobacterial classes) with the exception of Gammaproteobacteria revealed by pairwise PERMANOVA. Similarly, significant differences were apparent between Greenland and Tyrol cryoconites with the exception of Cyanobacteria (P = 0.084), Firmicutes, Gammaproteobacteria and TM7. In stark contrast, no significant differences are apparent between Greenland and Svalbard at the level of 97% sequence identity OTUs for any of the phyla or classes tested by PERMANOVA. At the highest taxonomic levels, this effect is somewhat diminished; however, univariate analysis of summed relative abundances for high-rank taxa returned highly significant differences in the relative abundances of some of the dominant high-ranked taxa. Proteobacteria predominate the cryoconite communities profiled by pyrosequencing. Sequences assigned to unclassified Proteobacteria, Alphaproteobacteria and Betaproteobacteria are highly abundant in the data sets (Fig. 2) . Contrasts in the distributions of Alphaproteobacteria and Betaproteobacteria are very apparent, with a strongly negative correlation (Pearson's r = 0.876, P = < 0.0001) between the summed relative abundances of OTUs affiliated to each class. In Arctic locations, Alphaproteobacteria account for 15-28% of the reads affiliated to higher ranked taxa, yet only 1-9% of reads affiliated to higher ranked taxa in alpine locations; this is reflected in a highly significant difference (one-way ANOVA; F = 16.7, P = 0.0001). Betaproteobacteria, on the other hand, account for 4-19% of reads assigned to a bacterial taxon in Arctic locations, but 15-32% of reads assigned to a bacterial taxon in alpine locations. Cyanobacterial sequences were poorly represented in the investigated Arctic locations, particularly on Svalbard, while cryoconites on alpine glaciers (in particular Gaisbergferner) harbour a greater abundance of cyanobacterial-affiliated sequences. In both instances, the relative abundance of cyanobacterial OTUs represented in the 454 data set was limited (Fig. 2) for habitats characterized by apparently high rates of primary production. This is consistent with prior clone library studies from Svalbard cryoconite (Edwards et al., 2011) and shotgun metagenomes from alpine cryoconite (Edwards et al., 2013b) or glacial ice (Simon et al., 2009) . A highly significant difference in the relative abundance of taxa affiliated with the phylum Bacteroidetes is also apparent between Austrian and Greenland and Svalbard locations (Table 3 ; one-way ANOVA F = 11.76, P = 0.001), which appears to be accounted for solely by a lower relative abundance of reads affiliated to the class Sphingobacteria on Svalbard glaciers compared with Austrian and Greenland locations (one-way ANOVA, F = 9.91, P = 0.002), whereas Flavobacteria and other Bacteroidetes lineages show no significant differences in distribution.
FT-IR metabolite fingerprints
Metabolite fingerprinting was employed based on FT-IR spectroscopy. The derived sample spectra had a relatively low absorbance but elevated absorbencies in wavenumbers linked to amides, and fatty acids were detected (Fig. 3a) . Principal component analysis (PCA) of the derived spectra suggested separation between samples from alpine and Arctic cryoconites holes along PC1 explaining 80% of the variation (Fig. 3b ). To further examine the sources of variation within the samples, discriminant function analysis (DFA) was employed. DFA is a supervised approach where assessments include a priori knowledge of the experimental classes, here seven classes representing the seven locations. DFA allowed the tight clustering of replicate samples within each class in all cases except the Svalbard glacier, ML. Separation between samples from alpine and Arctic cryoconite was observed along discriminant function 1 (DF1; Fig. 3c ). The samples from the Greenland ice sheet cryoconite (GR) were distinctive to samples originating from Svalbard (AB, VB and ML). Plotting the loading vectors used in DFA to separate between alpine -Svalbard and Greenland samples indicated that fatty acid differences were a major source of variation (Fig. 3d) . Bacterial community structure interaction with cryoconite metabolite fingerprints
As bacterial community structure and cryoconite metabolite fingerprints appeared to vary in a coordinated manner, we used canonical correspondence analysis [CCA; (Braak, 1986) ] to model the influence of T-RF relative abundance profiles on FT-IR spectra. Following initial model generation, environmental variables (T-RFs) were excluded in a stepwise manner to eliminate multicollinearity and variance inflation to optimize each model's robustness. This approach was important to minimize the influence of interglacier and interregional differences, which could result in artificially elongated environmental gradients. Ordination plot summaries of CCA models for individual cryoconite holes for each glacier are displayed in Figs 4 and 5, respectively. Some striking features are common to all CCA models. In particular, each model is constrained by just a few terminal restriction fragments, with the CCA model for Rotmoosferner (Fig. 5c) . Wavenumbers linked to absorption by polysaccharide, amide and fatty acid groups are indicated in grey. Note that the main sources of variation contributing to the discrimination between Arctic and alpine samples are to be found in the fatty acid absorbencies. model ( Fig. 5a and b) . These T-RFs therefore account for considerable proportions of total variance within the metabolite profiles in the first two axes. In the most extreme example, two 27F-HaeIII-derived T-RFs (220 and 308 bp in length) account for 92% of the total variance in the metabolite profiles obtained from Greenland cryoconite in the first two axes. In this regard, the weakest model is that derived for the alpine glacier, Gaisbergferner, which still describes 51% of the total variance in metabolite profiles in the first two environmental axes.
The limited number of cryoconite holes subject to both pyrosequencing and FT-IR profiling precludes efficient canonical correlation analyses of OTUs and FT-IR spectra to permit direct identification of the taxa influencing the cryoconite metabolite fingerprints on a per-glacier basis. Nevertheless, two other options for such a comparison were explored. Firstly, putative matches of T-RFs represented in the optimized model to the predicted T-RF sizes of 16S rRNA clones recovered from Svalbard cryoconite, FN824532-FN824621 (Edwards et al., 2011) , were attempted. These yielded exact (=1 bp bin size) matches to 14 of 33 T-RFs exhibiting intraset correlations ≥ 0.1 for one or more of the first three environmental axes (i.e. T-RFs considerably weighting the axis). Similar to the pyrosequencing data sets, proteobacterial clones are predominant in these matches; however, cyanobacterial clones are also represented. Further details are given in Table S2 . Finally, distance-based redundancy analysis was performed using the summed relative abundances presented in Fig. 2c as predictor variables against the FT-IR spectral data. The influence of Alphaand Beta-proteobacterial classes was most apparent, with the dominant positive and negative loadings, respectively, on dbRDA1, which explains 77.6% of the total variation in metabolite profiles.
Discussion
This study reveals that alpine and Arctic cryoconite ecosystems are distinct in terms of community structure, OTU composition and metabolite profiles. Nevertheless, close correlation between community structure and metabolite profiles is apparent for all glaciers upon canonical correspondence analysis. Arctic and alpine cryoconites are subject to differences in terms of day length and incident solar radiation, altitude, typical synoptic conditions and the nature of masstransfer interactions with ice-marginal environments. As cryoconite holes act as crude indicators of glacier surface energy balance (McIntyre, 1984) and latitudinal gradients in maximal solar elevation have been thought to influence cryoconite hole development (Steinbock, 1936) , cryoconite holes in lower latitudes may be less stable (McIntyre, 1984 ) when compared to those at higher latitudes (Nobles, 1960) .
Furthermore, the potential Aeolian input is substantially different with the high diversity of vegetation in adjacent valleys, meadows and forests in alpine regions. However, previous work has shown the structure of (Svalbard) cryoconite bacterial communities is substantially different from ice-marginal habitats (Edwards et al., 2013c) . Whether Greenland or European alpine cryoconite communities, unlike Svalbard cryoconites, are structured by mass-transfer effects from Aeolian deposition from proximal habitats remains unknown and should be investigated further.
Pyrosequencing reveals the abundance of proteobacterial lineages within the cryoconite bacterial community (Fig. 2) , consistent with clone library studies (Edwards et al., 2011; Cameron et al., 2012b) and high-throughput sequencing of polar cryoconite 16S amplicons, alpine cryoconite metagenome (Edwards et al., 2013a,b,c) , debris-covered glacier 16S amplicons (Franzetti et al., 2013) and alpine glacial ice metagenome (Simon et al., 2009) . It may be that proteobacterial taxa in cryoconite are well-adapted to respond to frequent environmental fluctuations typical of short active seasons in extreme environments, while contributing to the mineralization of cryoconite carbon, exhibiting similar properties to terrestrial Proteobacteria, which are characterized by Fierer et al. (2007) as ruderal (r) strategists. The strong negative correlation in the summed relative abundance of OTUs affiliated to the classes Alphaproteobacteria and Betaproteobacteria revealed by pyrosequencing is particularly striking and may indicate a degree of functional redundancy between the classes. The prominence of Alphaproteobacteria on the Arctic glaciers revealed in this study is supported by previous work on Svalbard cryoconite (Edwards et al., 2011 (Edwards et al., , 2013a , while Betaproteobacteria were more prevalent in the metagenome from Rotmoosferner cryoconite (Edwards et al., 2013a,b,c) .
These reciprocal patterns of alphaproteobacterial and betaproteobacterial abundance could relate to increased distance from marine sources at alpine sampling sites (> 200 km from the sea; Philippot et al., 2010) . However, amplicon pyrosequencing also reveals that adjoining habitats on Svalbard glaciers such as snow, slush and surface ice (Hell et al., 2013) and meltwater (S.M.E. Rassner, unpublished data) are dominated by Betaproteobacteria. Similar transitions between Alphaproteobacteria and Betaproteobacteria have been associated with increasing community development in both glacial (Philippot et al., 2011) and nonglacial (Jangid et al., 2013) systems. Consequently, an alternative explanation is that the pattern reflects a transition between Betaproteobacteria and Alphaproteobacteria due to increasing cryoconite granulation and hence habitat stability or age, more typical of granular cryoconite frequently observed on Arctic ice masses relative to biofilm-coated mineral grains observed on the alpine glaciers sampled.
Clear interregional differences in the composition of the cryoconite metabolite fingerprints are also apparent. Langford et al. (2011) applied KBr-pellet FT-IR spectroscopy to characterize the mineralogy and geochemistry of 12 cryoconite holes on a glacier in Svalbard, documenting variation in the prevalence of carbohydrates in cryoconite organic matter. Although FT-IR spectroscopy is broadly used as a high-throughput metabolomic profiling method (Johnson et al., 2004; Gidman et al., 2006) , capable of linking bacterial diversity with metabolite content even in soil environments (Scullion et al., 2003; Elliott et al., 2007) , its application in glacial ecosystems is in its infancy. While targeted analyses of cryoconite carbohydrates have been reported (Stibal et al., 2010) , the detailed broad-spectrum profiling of cryoconite organic matter is more limited (Xu et al., 2009; Pautler et al., 2013) , but reveal a range of microbial biomarkers and ascribing the presence of long-chain hydrocarbons to allochthonous transfers of vascular plant debris.
Here, we demonstrate that FT-IR spectroscopy reliably detected distinctive differences between cryoconite holes from alpine and Arctic samples, and within the latter class between Svalbard and Greenland (Fig. 3) . The major sources of variation as suggested from DFA were mainly differences in fatty acids. Differences in microbial fatty acids are a well-established tool in chemotaxonomy (Vasyurenko & Frolov, 1986; Frisvad et al., 2008) ; for example, rapidly resolving even intraspecific variation in bacterial isolates from Antarctic microbial mats (Tindall et al., 2000) . Our interpretation is that the fatty acid differences between geographical sites are likely to reflect variation in microbial community structure. Thus, FT-IR has suggested potential fatty acid biomarkers that could be linked to defined microbial populations and biological activities. Full metabolome mass spectrometric profiling will allow each biological activity to be defined, but the data that we have presented show that coupling of T-RFLP and FT-IR in this manner appears a promising tool for rapid high-throughput characterization of cryoconite (and other microbial ecosystem) properties.
Canonical correspondence analysis clearly resolves the interaction between bacterial community structure and FT-IR spectra, with intraglacier variation in metabolite profiles closely correlated with intraglacier variation in cryoconite bacterial T-RFLP profiles in all instances (Figs 4 and 5) . Interregional variances are implied by the differential inclusion of T-RFs significantly influencing metabolite profile variation. This would imply that different bacterial taxa are closely correlated with the properties of cryoconite organic matter in different locations. The limited number of samples we could analyse using pyrosequencing precluded detailed comparison at the intraglacier scale between taxonomic and metabolic profile; however, dbRDA (Fig. 6) illustrates that at the interglacier and interregional scale, taxonomic composition of the bacterial community is a good predictor of metabolite profile composition. It is clear that the numerically dominant Betaproteobacteria and Alphaproteobacteria classes that display contrasting distributions between Alps and Arctic sites exert considerable influence on the metabolite profiles resolved by FT-IR.
When combined, our results are consistent with the contribution of bacteria resident in cryoconite to the cryoconite metabolite profile. Tracing the impact of specific taxa upon community metabolomes is often difficult, hindered by extensive functional redundancy in community composition, but may be achieved by multivariate analysis (Huws et al., 2011) , and comparable differences between T-RFLP and FT-IR profiles are noted in other systems with considerable levels of functional redundancy (Scullion et al., 2003; Dougal et al., 2012) . As summarized in Table 1 , in all cases, cryoconite communities displayed a moderate to high degree of functional organization as inferred by the corrected Gini coefficients of T-RFLP profiles, which represent a specific extent of evenness (Wittebolle et al., 2009) . This is consistent with previous findings for High Arctic cryoconite (Edwards et al., 2011) and would indicate a comparatively reduced capacity overall for functional redundancy at a steadystate phylotype abundance distribution.
In this context, T-RFs contributing significantly to metabolite profiles are present among the dominant T-RF abundance distributions for different regions (Supporting Information, Fig. S1 ), but are also distributed along the longer tail of T-RF abundances.
Three possibilities may account for this. Firstly, the phylogenetic resolution of T-RFLP may not be consistent across the spectrum of bacterial diversity. In some instances, T-RFs are shared between some taxa, thus distorting equivalence between T-RF and taxon abundance (Blackwood et al., 2007) . Therefore, some dominant T-RFs may composite several taxa, one or more of which may be the source of influences from metabolite profiles, while less dominant T-RFs may represent resolved individual, lower-ranked taxa making significant contributions. Secondly, where the phylogenetic resolution of T-RFLP is consistent, this would indicate that rarer taxa in cryoconite may make important contributions to the cryoconite metabolite profile. This would be comparable with the conceptual model of Turnbaugh and Gordon (2008) for the disruption of partitioned contributions of modal and rare taxa to community metabolomes experiencing perturbations. Finally, it may be that taxa less well represented by 16S rRNA gene analyses may in fact be more active or possess a broader repertoire of metabolites. In either the second or third scenarios, such organisms could be considered keystone taxa within the community metabolome.
For cryoconite, the limited representation of cyanobacterial 16S rRNA sequences despite their importance in the formation of granular cryoconite lends them as candidate keystone taxa or ecosystem engineers, echoing the agglomeration of desert soil particles by cyanobacterial exudates (West, 1990) often cited as a classical example of ecosystem engineering (Jones et al., 1994) . In this study, the weighting of intraset correlations between metabolite profiles and T-RFs matched by cyanobacterial clones (Table S2 ) supports the contention for their roles as autogenic ecosystem engineers. Furthermore, the close relation of primary production and respiration rates in cryoconite does imply the modulation of resource provision by cryoconite primary producers (Anesio et al., 2009; Hodson et al., 2010; Edwards et al., 2011) at the process level. Overall, this lends further support to the notion that cryoconite ecosystems may be analogous to cold-region microbial mats (Edwards et al., 2013a,b,c) in Fig. 2c ) as a predictor variable on metabolite profiles for cryoconite holes with coupled pyrosequencing and FT-IR profile data. Note the cumulative high percentage of fitted and total variation explained within the first two axes. Congruent ordination between dbRDA and principal coordinates analyses indicated the robustness of the model generated (data not shown). Predictor variables key: Acido = Acidobacteria; Actino = Actinobacteria; Alpha-Epsilon = classes of Proteobacteria; BactX = Unclassified Bacteroidetes; Clostrid = Clostridia; Cyano = Cyanobacteria; FirmiX = Unclassified Firmicutes; Flavo = Flavobacteria; ProteoX = Unclassified Proteobacteria; Sphingo = Sphingobacteria.
that Cyanobacteria lend a structural component while diverse Proteobacteria sequences are numerically dominant (Varin et al., 2010 (Varin et al., , 2012 .
In conclusion, the combined application of T-RFLP, FT-IR and pyrosequencing of 16S rRNA genes to investigate the ecology of cryoconite habitats on alpine and Arctic glaciers demonstrates that there are clear differences in bacterial community structure and composition of metabolite profiles of cryoconites sampled from each region. It is likely that these regional variations will influence cryoconite ecosystem functionality, including supraglacial carbon cycling (Anesio et al., 2009 ) and ice-microorganism-albedo feedbacks (Takeuchi, 2002) . Considering the climate sensitivity and interactions of alpine and other mid-latitude, high-altitude region glaciers with human societies, the presence of distinctive bacterial communities on alpine glaciers merits further exploration. Finally, despite these differences, our comparative approach reveals commonalities in cryoconite ecosystems, thus providing insights into life in the glacial biome. In particular, these include the dominance of proteobacterial-affiliated OTUs over cyanobacterial-affiliated OTUs and the global prevalence of a few locally dominant taxa in cryoconite. When combined with the links between community structure and metabolite profiles, the data presented imply the importance of the metabolic versatility associated with the Proteobacteria, or the role of Cyanobacteria in aggregating cryoconite debris as key agents in the functionality of alpine and Arctic cryoconite ecosystems.
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